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Two  different  sized  silver  nanoclusters  are  prepared  by  two  different  synthetic  routs.  First,  a  small  nan¬ 
ocluster  (NC)  which  is  0.7  nm  in  diameter  was  synthesized  by  using  meso-2, 3-dimercapto-succinic  acid 
(DMSA)  as  a  capping  ligand,  and  second  a  larger  nanoparticle  (NP)  which  is  3.3  nm  in  diameter  was  pre¬ 
pared  by  chemical  reduction  and  coated  with  DMSA.  The  as-prepared  silver  nanoclusters  or  nanoparticles 
are  then  loaded  onto  a  glassy  carbon  electrode  and  the  size  effect  on  their  electrocatalytic  activity  toward 
oxygen  reduction  reaction  (ORR)  is  investigated  with  electrochemical  techniques  in  alkaline  electrolyte. 
The  cyclic  voltammetric  (CV)  studies  show  that  the  onset  potential  of  ORR  on  0.7  nm  silver  nanoclusters 
is  1 50  mV  more  positive  than  that  from  3.3  nm  silver  nanoparticles.  And  compared  to  the  larger  nanopar¬ 
ticles,  five  times  higher  current  density  of  ORR  at  -0.80  V  is  obtained  from  the  0.7  nm  silver  nanoclusters. 
These  CV  results  indicate  that  the  smaller  Ag  nanoclusters  exhibit  higher  catalytic  performance  for  ORR. 
Rotating  disk  voltammetric  studies  show  ORR  on  both  DMSA  monolayer-protected  silver  clusters  is  dom¬ 
inated  first  by  a  two-electron  transfer  pathway  to  produce  H2O2  and  then  peroxide  is  reduced  by  2  more 
electrons  to  produce  water. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Coin  metals  such  as  copper,  silver  and  gold  are  usually  consid¬ 
ered  to  be  very  catalytically  inert  for  most  reactions.  However,  gold 
on  nanocluster  scale  exhibits  much  higher  catalytic  activity  than 
larger  nanoparticles  and  bulk  metal  in  many  important  reactions, 
such  as  low  temperature  CO  oxidation  and  NO  reduction  [1-3], 
selective  hydrosilylation  [4],  hydrogenation  of  acrolein  [5].  The 
poor  activity  of  coin  metals  (Au,  Ag,  Cu)  is  usually  attributed  to  their 
filled  d  bands  resulting  in  the  higher  activation  barriers  than  those 
created  for  other  transition  metals  with  only  partially  filled  d  bands. 
For  small  nanoclusters,  the  fraction  of  low-coordinated  atoms  at 
surface  remarkably  increased.  Due  to  the  narrow  gap  between  the 
d-band  and  the  Fermi  level  of  low-coordinated  metal  atoms,  oxy¬ 
gen  molecules  could  be  adsorbed  on  the  cluster  surface  more  easily 
than  the  close-packed  counterparts,  which  is  the  crucial  step  for 
organic  molecules  oxidation  or  oxygen  reduction  reactions.  It  is 
well-known  that  the  fraction  of  surface  atoms  of  metal  nanopar¬ 
ticles  is  strongly  dependent  on  the  particle  dimension.  Therefore, 
several  studies  have  been  carried  out  to  evaluate  the  effect  of  par¬ 
ticle  size  on  their  catalytic  activity.  Recently,  it  was  found  that  the 
Au  nanoclusters  exhibited  size-dependent  electrocatalytic  activity 
for  oxygen  reduction  [6,7]. 
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Due  to  the  high  surface  area  and  promoted  catalytic  activity  of 
nanoparticles,  the  electrocatalysis  of  silver  materials  on  nanome¬ 
ter  scale  has  also  attracted  much  attention  in  recent  years.  Based  on 
the  previous  studies  of  ORR  or  hydrogen  peroxide  reduction  with 
Ag  materials  [8,9],  the  average  number  of  the  electron  transfers  (n) 
is  between  2  and  4,  that  is,  the  final  products  involve  H02“  or  OH. 
Yet,  so  far,  the  studies  of  the  influence  of  the  silver  particle  size  on 
the  electrocatalytic  activity  have  been  mostly  confined  to  particles 
that  are  larger  than  20  nm  in  diameter.  The  properties  of  small  nan¬ 
oclusters,  especially  below  lOnm,  could  be  dramatically  different 
from  larger  ones  due  to  the  quantum  size  effects.  ORR  electrocat- 
alyzed  by  Ag  nanoclusters  with  size  smaller  than  lOnm,  however, 
is  still  scarce  due  to  the  difficulty  in  the  synthesis  of  small  Ag  clus¬ 
ters.  Recently,  silver  nanoclusters  with  controlled  core  size  have 
been  successfully  synthesized  by  different  methods,  which  makes 
it  possible  to  study  the  electrocatalytic  activity  of  Ag  nanoclusters 
toward  ORR.  Here,  we  synthesized  0.7  and  3.3  nm  silver  nanoclus¬ 
ters  by  using  different  synthesis  routes.  The  size  effect  of  the  Ag 
nanoclusters  on  their  electrocatalytic  activity  for  ORR  was  studied 
with  electrochemical  techniques. 

2.  Experimental 

2.1.  Chemicals 

Silver  nitrate  was  purchased  from  Beijing  Chemical  Reagent. 
Tetra-n-octylammonium  bromide  (TOABr,  98%)  was  obtained  from 
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Alfa  Aesar.  Sodium  borohydride,  meso-2,  3-dimercapto-succinic 
acid  (DMSA,  approximately  98%),  and  potassium  hydroxide  were 
purchased  from  ACROS.  All  chemicals  were  used  as  received  with¬ 
out  any  further  purification.  Water  was  supplied  by  a  Water  Purifier 
Nanopure  water  system  (18.3  M£2  cm). 

2.2.  Synthesis  ofAg  nanoclusters 

The  thiol-protected  Ag  nanoclusters  were  synthesized  accord¬ 
ing  to  the  modified  procedure  reported  previously  by  Jin  and 
co-workers  [10].  Precursor  of  [TOA][AgBr2]  was  firstly  synthesized 
as  described  before  [11].  Briefly,  DMSA  (0.8  mmol,  146  mg)  was 
added  to  the  cold  [TOA][AgBr2]  solution  under  stirring.  NaBH4 
(10  mg,  powders)  was  then  dropwise  added  to  the  solution.  The 
color  of  the  reaction  mixture  slowly  turned  to  deep  brown,  indi¬ 
cating  the  formation  of  thiolate-protected  Ag  clusters.  The  Ag 
nanoclusters  were  obtained  by  centrifugation  and  purification  and 
then  dissolved  in  water.  The  synthesized  Ag  nanoclusters  coated 
with  a  monolayer  of  meso-2,  3-dimercapto-succinic  acid  (DMSA) 
are  0.  7  nm  in  diameter  and  denoted  as  Ag-NCs. 

Larger  silver  nanoparticles  were  also  synthesized  with  chemi¬ 
cal  reduction  method.  In  a  typical  synthesis,  AgN03  (0.2  mmol)  was 
dissolved  in  10  mL  ethanol  and  then  cooled  to  ~0  °C  in  an  ice  bath. 
Under  the  magnetic  stirring  with  low  speed  ca.  ~60  rpm,  DMSA 
(0.4  mmol,  2  equiv.)  was  added  to  the  above  solution.  After  the  com¬ 
plete  formation  of  Agx  (DMSA)y  aggregates,  NaBH4  (20  mg)  was 
slowly  added  to  the  solution.  The  resultant  black  precipitates  were 
collected,  washed  thoroughly  with  ethanol,  and  finally  dissolved  in 
water  for  further  use.  The  synthesized  Ag  nanoparticles  are  3.3  nm 
in  diameter  and  denoted  as  Ag-NPs.  The  size  and  the  morphology  of 
the  Ag  nanoparticles  were  examined  by  using  Hitachi  H-600  trans¬ 
mission  electron  microscopy  (TEM)  operated  at  lOOkV.  UV-vis 
spectra  of  Ag-NCs  and  Ag-NPs  were  recorded  on  a  VARIAN  CARY 
500  spectrometer  using  a  1  cm  quartz  cuvette  with  a  resolution  of 
2nm. 

2.3.  Electrochemistry 

10  pX  of  the  Ag-NPs  or  Ag-NCs  in  water  (1  mgmL-1)  was  then 
dropcast  onto  a  clean  GC  electrode  surface  (3  mm  diameter)  by  a 
microliter  syringe  and  was  dried  by  a  gentle  nitrogen  flow  for  ca. 
2  min.  The  resulting  clean  electrodes  are  denoted  as  Ag-NPs/GC  and 
Ag-NCs/GC,  respectively. 

Voltammetric  measurements  were  carried  out  with  a  CHI  750D 
electrochemical  workstation.  The  Ag-NPs/GC  and  Ag-NCs/GC  elec¬ 
trodes  prepared  above  were  used  as  the  working  electrodes.  A 
Ag/AgCl  (in  3M  NaCl,  aq,  +0.22  V  vs  NHE  and  ~+1.0V  vs  RHE  for 
pH  =  13)  and  a  Pt  coil  were  used  as  the  reference  and  counter  elec¬ 
trodes,  respectively.  All  electrode  potentials  in  the  present  study 
were  referred  to  this  Ag/AgCl  reference.  0.1  M  KOH  was  used  as 
electrolyte  in  all  the  electrochemical  measurements.  The  rotating 
disk  voltammograms  on  all  electrodes  were  measured  at  the  poten¬ 
tial  scan  rate  of  20  mV  s-1 .  Oxygen  reduction  was  examined  by  first 
bubbling  the  electrolyte  solution  with  ultrahigh  purity  oxygen  for 
at  least  1 5  min  and  then  blanketing  the  solution  with  an  oxygen 
atmosphere  during  the  entire  experimental  procedure.  All  electro¬ 
chemical  experiments  were  carried  out  at  room  temperature. 

3.  Results  and  discussion 

3.1.  Synthesis  ofAg  nanoclusters  with  different  core  size 

It  is  well  known  that  metal,  especially  gold  and  silver  nanoparti¬ 
cles  exhibit  characteristic  surface  plasmon  absorption  bands,  with 
the  band  position  and  intensity  dependent  on  the  particle  dimen¬ 
sions  [12].  The  previous  investigations  showed  that  large  silver 
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Fig.  1.  (a)  UV-vis  absorption  spectra  of  the  silver  nanoparticles  (Ag-NPs,  black 
curve)  and  silver  nanoclusters  (Ag-NCs,  red  curve),  (b)  TEM  micrograph  of  the  as- 
synthesized  silver  nanoparticles  (Ag-NPs).  (For  interpretation  of  the  references  to 
color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  the  article.) 

nanoparticles  often  exhibit  an  absorption  band  around  420  nm 
[13],  whereas  the  small  silver  nanoclusters  below  2nm  demon¬ 
strate  different  absorption  profiles  [14-16].  Thus,  the  size  of  silver 
nanoparticles  can  be  evaluated  qualitatively  by  the  UV-vis  mea¬ 
surements.  Fig.  1(a)  shows  the  UV-vis  absorption  spectra  of  the 
two  synthesized  silver  nanoclusters.  It  can  be  seen  that  there  is  a 
broad  absorption  peak  at  427  nm  in  the  UV-vis  spectrum  (black 
curve)  of  the  Ag-NPs,  which  is  the  characteristic  of  Ag  nanoparti¬ 
cles.  However,  for  the  Ag-NCs,  the  absorption  peak  shifts  to  503  nm 
(red  curve),  which  is  highly  consistent  with  the  UV-vis  absorp¬ 
tion  feature  of  Ag7  nanoclusters  (ca.  0.7  nm)  reported  previously 
[10,17].  Fig.  1(b)  shows  the  representative  TEM  micrograph  of  the 
silver  nanoparticles  (Ag-NPs).  From  the  TEM  measurement,  it  can 
be  seen  that  the  as-synthesized  silver  nanoparticles  are  all  very 
well  dispersed  without  any  apparent  aggregation.  The  average  core 
diameter  of  the  Ag-NPs  is  determined  to  be  3.3  nm  from  the  TEM 
image. 

3.2.  Electrochemical  cyclic  voltammetry 

The  electrocatalytic  activity  of  the  silver  nanoclusters  toward 
ORR  was  then  examined  by  CV.  Fig.  2(a)  and  (b)  shows  the  typical 
cyclic  voltammograms  (CVs)  of  Ag-NPs/GC  and  Ag-NCs/GC  elec¬ 
trodes  in  0.1  M  KOH  solution  saturated  with  nitrogen  or  oxygen 
at  potential  scan  rate  of  0.1  V  s-1 .  On  both  electrodes,  compared  to 
the  CVs  in  nitrogen  saturated  electrolyte,  obvious  reduction  current 
can  be  observed  when  the  KOH  solution  was  saturated  with  oxygen, 
suggesting  the  high  electrocatalytic  activity  of  the  silver  nanoclus¬ 
ters  toward  oxygen  reduction.  It  should  be  noted  that  in  the  CV  and 
RDE  measurements,  the  current  of  ORR  on  both  electrodes  have 
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Fig.  2.  Cyclic  voltammograms  of  the  Ag-NPs/GC  (a)  and  Ag-NCs/GC  (b)  electrodes  in  0.1  M  KOH  solution  saturated  with  nitrogen  (black  curves)  and  oxygen  (red  curves), 
with  the  current  normalized  by  the  electrochemically  active  surface  areas.  Panels  (c)  and  (d)  depict  the  cyclic  voltammograms  of  oxygen  reduction  at  Ag-NPs  and  Ag-NCs, 
respectively,  with  the  current  normalized  by  the  mass  loading  of  the  catalysts.  Potential  scan  rate  0.1  V  s-1.  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  the  article.) 


been  normalized  to  the  real  active  surface  areas  (electrochemi¬ 
cally  active  surface  areas,  ECASA)  based  on  the  charge  density  of 
420  pGcnrr2  for  the  reduction  of  the  silver  oxide.  The  electrocat- 
alytic  activities  of  the  silver  nanoclusters  can  be  evaluated  and 
compared  with  the  onset  potentials  and  current  densities  of  ORR. 
It  can  be  seen  by  comparing  Fig.  2(a)  and  (b)  that  the  two  impor¬ 
tant  parameters  are  much  different  at  Ag-NPs/GC  and  Ag-NCs/GC 
electrodes.  As  for  onset  potential,  -0.28  and  -0.13  V  were  obtained 
at  Ag-NPs/GC  and  Ag-NCs/GC  electrodes,  respectively.  That  means 
the  onset  potential  of  ORR  on  0.7  nm  silver  nanoclusters  is  150  mV 
more  positive  than  that  from  3.3  nm  silver  nanoparticles.  At  Ag- 
NPs/GC  electrode,  the  oxygen  reduction  current  density  at  -0.80  V 
was  measured  to  be  approximately  -0.25  mA cm-2.  However,  the 
peak  current  density  of  ORR  at  -0.80  V  increases  to  - 1 .50  mA  cm-2 
at  Ag-NCs/GC  electrode,  five  times  higher  than  that  obtained  on 
Ag-NPs/GC  electrode.  Fig.  2(c)  and  (d)  shows  the  mass  activities 
(current  normalized  by  the  mass  loading  of  the  catalysts)  of  the 
Ag-NPs  and  Ag-NCs  toward  ORR,  respectively.  From  Fig.  2(c)  and 
(d),  it  can  also  be  seen  that  the  smaller  Ag-NCs  exhibit  higher  mass 
activity  than  that  obtained  from  the  larger  Ag-NPs.  For  instance, 
at  -0.76  V,  the  current  density  of  -12.48  |xAfxg-1  was  obtained 
at  Ag-NCs,  which  is  about  9.2  times  higher  than  that  of  the  Ag-NPs 
(-1 .36  |jiA  |jig-1 ).  The  voltammetric  studies  showed  clearly  that  the 
electrocatalytic  activity  of  smaller  Ag  nanoclusters  toward  ORR  is 
higher  than  the  larger  one,  which  is  in  accordance  with  our  previous 
finding  with  gold  nanoclusters  [6]. 

To  obtain  the  kinetic  parameters  of  ORR  on  silver  nanoclusters, 
the  reaction  kinetic  of  oxygen  reduction  at  the  silver  nanoclus¬ 
ters  were  also  studied  with  rotating  disk  voltammetry  (RDV).  Fig.  3 
shows  a  series  of  RDVs  of  ORR  recorded  at  Ag-NPs/GC  (Fig.  3a)  and 
Ag-NCs/GC  (Fig.  3b)  at  different  rotation  rates  (225,  400,  625,  900, 
1225, 1600, 2025, 2500, 3025  and  3600  rpm).  It  can  be  seen  that  on 
both  electrodes,  the  limiting  current  density  increases  with  rotation 
rate  increasing.  Again,  the  similar  voltammetric  profiles  displayed 


in  Fig.  3(a)  and  (b)  suggest  the  apparent  activity  of  the  synthesized 
silver  nanoclusters  toward  ORR. 

The  kinetic  parameters  of  ORR  on  the  silver  nanoclusters  can  be 
analyzed  with  the  Koutecky-Levich  equations: 


1111  1 

J  ~Jk  +Jl  ~  Jl<+  Bco'/2 

(1) 

B  =  0 .62nFCoDl/3v-^6 

(2) 

Jk  =  nFkCo 

(3) 

According  to  Eqs.  (1)  and  (2),  the  number  of  electrons  trans¬ 
ferred  can  be  obtained  from  the  slope  of  the  Koutecky-Levich 
plots.  Based  on  the  Koutecky-Levich  equations,  the  correspond¬ 
ing  Koutecky-Levich  plots  on  the  two  electrodes  are  shown 
in  Fig.  3(a)  and  (b)  insets.  It  can  be  seen  that  the  slopes 
remain  approximately  constant  over  the  potentials  range  from 
-0.70  to  -0.90  V,  indicating  consistent  numbers  of  electron 
transfer  for  ORR  at  different  electrode  potentials.  By  using  the 
reported  values  of  C0  =  1 .2  x  1 0-3  mol  L-1 ,  D0  =  1 .9  x  1 0-5  cm2  s-1 , 
and  v  =  0.01  cm2  s-1  [18],  and  from  the  slopes  of  Koutecky-Levich 
plots,  the  numbers  of  electrons  transferred  were  determined  to 
be  2.8  and  2.3,  respectively,  for  ORR  on  Ag-NPs/GC  and  Ag- 
NCs/GC  electrodes.  Additionally,  on  the  basis  of  Eq.  (3),  the  reaction 
rate  constants  at  -0.70  V  can  be  assessed  to  be  1.22  xlO-2 
and  3.24  x  10-3  cms-1  on  Ag-NPs/GC  and  Ag-NCs/GC  electrodes, 
respectively.  The  RDE  results  indicate  that  the  oxygen  reduction 
on  the  synthesized  silver  clusters  is  mainly  dominated  by  a  two- 
electron  transfer  pathway  to  produce  H202  and  then  peroxide 
is  reduced  by  2  more  electrons  to  produce  water.  It  should  be 
noted  that,  in  order  to  prevent  the  agglomeration  of  the  silver 
nanoclusters,  the  protecting  ligands  were  not  removed  during  the 
electrochemical  measurements.  The  low  interfacial  charge  transfer 
obtained  in  RDVs  may  be  ascribed  to  the  passivated  surfaces  of  the 
silver  nanoclusters. 
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Fig.  3.  Rotating-disk  voltammograms  obtained  on  the  Ag-NPs/GC  (a)  and  Ag-NCs/GC 
(b)  electrodes  in  0.1  M  KOH  solution  saturated  with  oxygen  at  different  rotation  rates 
(shown  as  figure  legends).  Insets  show  the  corresponding  Koutecky-Levich  plots  (/-1 
vs  at  different  potentials.  Symbols  are  experimental  data  obtained  from  the 

corresponding  Rotating-disk  voltammograms  and  lines  are  the  linear  regressions. 


4.  Conclusion 

Silver  nanoclusters  with  different  core  sizes  were  synthesized 
successfully  with  meso-2, 3-dimercapto-succinic  acid  as  protecting 


ligands.  The  size  effect  of  the  synthesized  silver  nanoclusters  on  the 
electrocatalytic  activity  for  ORR  was  investigated  with  CV  and  RDV 
in  alkaline  electrolyte.  The  CV  studies  indicate  that  the  0.7  nm  Ag7 
clusters  exhibit  better  electrocatalytic  activity  than  that  of  3.3  nm 
Ag  nanoparticles  by  comparing  the  onset  potential  and  current  den¬ 
sities  of  ORR.  Two-electron  reduction  process  of  adsorbed  oxygen 
was  derived  from  the  kinetic  results  of  RDV,  and  the  two-electron 
transfer  pathway  shown  in  this  study  may  be  ascribed  to  the  cap¬ 
ping  ligand-passivated  surfaces  of  the  silver  nanoclusters. 
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